We review the recent developments on the theoretical description of exclusive processes at medium and asymptotical energies. These are illustrated based on a few examples.
Introduction

Exclusive processes in the early days of QCD
In recent years, hard exclusive processes proved to be very efficient tools in order to get insight into the internal tri-dimensional partonic structure of hadrons. The main question is whether one can extract information on hadrons using hard exclusive processes, in a reliable way. The aim is to reduce the process to interactions involving a small number of partons (quarks, gluons), despite confinement. This is possible if the considered process is driven by short distance phenomena, allowing the use of perturbative methods. One should thus hit strongly enough a hadron. This is typically what occurs in the case of an electromagnetic probe, which gives access to form factors, as illustrated in Fig. 1 . In practice, exploiting such situations in exclusive reactions is very challenging since the cross section are very small. This weakness can be quantified based on counting rules, which shows that [1] F n (q 2 ) ≃ C (Q 2 ) n−1 (1.1) where n is the minimal number of constituents (meson: n = 2; baryons: n = 3). This result can be easily proven by considering the hard subprocess and evaluating the dimensions of the hard quark and gluons propagators, as well as the dimension of the n quasi-free collinear quark degrees of freedom. A similar counting rule can be proven for large angle (i.e. s ∼ t ∼ u large) elastic processes h a h b → h a h b , e.g. ππ → ππ or p p → p p, leading to [2] dσ dt ∼ α S (p 2 ⊥ ) s n−2 (1.2) where n is the number of external fermionic lines (n = 8 for ππ → ππ). Limitations to the underlying factorized description have been known since decades, since other contributions might be significant, even at large angle [3] . Consider for example the process ππ → ππ. The first mechanism (see Fig. 2a ) relies on the description of each mesons through their collinearcontent, which longitudinal component along each meson momentum is encoded in their distribution amplitudes (DA), the whole amplitude scaling like dσ BL dt ∼ s −6 (see Eq. (1.2)). On the other hand, a competing mechanism may exist, with so-called pinched loop contributions (Fig. 2b) . It assumes that particular collinear quark configurations of non-perturbative origin are present inside each meson. Thus, the additional hard gluon required to force thepair to be collinear in the mechanism of Fig. 2a is absent in figure Fig. 2b , leading to a disconnected hard part. This contribution leads to a scaling dσ L dt ∼ s −5 . Note that this second mechanism is absent when at least one γ ( * ) is involved, due to its point-like coupling enforcing the presence of an additional gluon as in Fig. 2a . 
Recent experimental and theoretical developments
The main difference between inclusive and exclusive processes is the hard scale power suppression, making the measurements much more involved. This requires high luminosity accelerators and high-performance detection facilities, as provided by HERA (H1, ZEUS), HERMES, JLab@6 GeV (Hall A, CLAS), BaBar, Belle, BEPC-II (BES-III), LHC. Future projects will be essential for that purpose (COMPASS-II, JLab@12 GeV, LHeC, EIC, ILC).
In parallel to experimental developments, theoretical efforts have been very important during the last decade... and many new acronyms for non-perturbative quantities have been popularized: DAs (distribution amplitudes), GPDs (generalised parton distributions), GDAs (generalized distribution amplitudes), TDAs (transition distribution amplitudes) and TMDs (transverse momentum dependent distributions), which we will try to introduce in a nutshell 1 . These make sense in a given factorization framework, either at medium energies (collinear factorization) or asymptotical energies (k T -factorization), allowing to deal both with perturbative and power corrections.
Collinear factorizations
From DIS to exclusive processes
Historically, the first insight into the partonic content of the nucleon was obtained based on the deep inelastic scattering (DIS). As any inclusive process, the study of the total DIS crosssection is made based on the optical theorem, which relates this total cross-section to the forward (t = 0) Compton amplitude (see Fig. 3a ). The structure functions can be factorized collinearly as a convolution of coefficient functions (CFs) with parton distribution functions (PDFs).
The exclusive deep virtual Compton scattering (DVCS) and time-like Compton scattering (TCS), in the limit s γ * p , Q 2 ≫ −t , can also be factorized, now at the amplitude level (see Fig. 3b ).
1 For reviews, see [4, 5, 6, 7] .
It involves generalised parton distribution functions (GPDs) [8] which extend the PDFs outside of the diagonal kinematical limit: the t variable as well as the longitudinal momentum transfer may not vanish, calling for new variables, the skewness ξ , encoding the inbalance of longitudinal t−channel momentum, and the transferred transverse momentum ∆. From DVCS, several extensions have been made. First, one may replace the produced γ by a meson, factorized collinearly through a DA [9] (Fig. 4a) . Second, one may consider the crossed process in the limit s γ * p ≪ −t, Q 2 . It again factorizes (Fig. 4b) , thecontent of the hadron pair being encoded in a generalised distribution amplitude (GDA) [10] . To illustrate how the collinear factorization sets in depending on the kinematical regime, one may consider the process γ * (q) γ → γ γ . At large −q 2 and in the large center-of-mass energy limit, it factorizes in terms of the photon GPD, while at large −q 2 and in the threshold limit, it factorizes in terms of the diphoton GDA [11] . These frameworks allow to describe hard exotic hybrid meson production both in electroproduction and γγ * collisions (including its decay mode, e.g. π η) [12] .
Starting from usual DVCS, the next extension is to allow the initial and the final hadron to differ (in the same SU (3) octuplet), replacing GPDs by transition GPDs. To be even less diagonal, the conservation of the baryonic number can be removed between inital and final state, introducing transition distribution amplitudes (TDAs) [13] . This can be obtained from DVCS by a t ↔ u crossing, as shown in Fig. 5 . A further extension is done by replacing the outoing γ by any hadronic state [14] . In particular, the p → γ and p → π TDAs could be measured in the forward scattering of ap beam on a p probe, as planned by the PANDA collaboration at GSI-FAIR [15] .
As a theoretical playground, the process γ * γ * → ρ 0 L ρ 0 L is of particular interest. Indeed, depending on the polarization of the incoming photons, it can be factorized in two ways involving
either the GDA of the ρ pair (for γ * T ) or the γ * → ρ TDA (for γ * L ) [16] . The twist 2 GPDs have a simple physical interpretation, shown in Fig. 6 . Their classification goes as follows, according to the fact that the considered non-perturbative matrix elements F q and F q are diagonal in helicity or not.
The twist-2 GPDs
• For (massless) quarks, this can be equivalently formulated in terms of the chirality of the Γ matrix involved in the bilocal light-cone operators which matrix element define F q andF q . One should distinguish the exchanges -without helicity flip (chiral-even Γ matrices), 4 chiral-even GPDs :
-with helicity flip ( chiral-odd Γ mat.), 4 chiral-odd GPDs:
• A similar analysis can be made for twist-2 gluonic GPDs (for which the notion of chirality does not make sense):
-4 gluonic GPDs without helicity flip:
− −−−− → polarized PDF x ∆g) andẼ g -4 gluonic GPDs with helicity flip:
T . We note that there is no forward limit reducing to gluon PDFs here: a change of 2 units of helicity cannot be compensated by a spin 1/2 target.
Transversity
The extraction of GPDs from DVCS measurements will soon enter a precision era, in particular with the expected bunch of data provided by JLab@12GeV and COMPASS-II. One should however note that this concerns only the quark and gluon GPDs with a zero total helicity transfer. The sector of GPDs involving a non zero helicity transfer introduced in the previous subsection is almost completely unknown. The tranverse spin content of the proton is related to non-diagonal helicity observables, since
An observable sensitive to helicity spin flip gives thus access to the transversity PDF ∆ T q(x), which is very badly known. Since for massless (anti)quarks chirality = (-) helicity, transversity is a chiralodd quantity. This implies that transversity cannot be extracted from usual fully inclusive DIS. Based on the fact that chirality must be flipped twice, one can consider processes with either two hadrons in the initial state, like in proton-proton collision or one hadron in the initial state with at least one hadron in the final state, as in the case of semi-inclusive DIS. Let us move from the inclusive to the exclusive case. Again, since transversity is a chiralodd quantity, and based on the fact that QCD and QED are chiral even in the massless limit, any chiral-odd operator should be balanced by another chiral-odd operator in the amplitude of any exclusive process. Since the dominant DA for ρ T is of twist 2 and chiral-odd, it seems natural to consider ρ T -electroproduction. Unfortunately the amplitude vanishes, at any order in perturbation theory, since this process would require a transfer of 2 units of helicity from the proton [17] . Although this vanishing is true only at twist 2, processes involving twist 3 DAs [18] may face problems with factorization (see Sec. 2.5). One can circumvent this vanishing by considering a 3-body final state [19] . Indeed the process γ N → π + ρ 0 T N ′ can be described in the spirit of large angle factorization [2] of the process γ π → π ρ at large s and fixed angle (i.e. for fixed t ′ /s, u ′ /s in Fig. 7 ), M 2 πρ providing the hard scale, as considered in sec. 1.1. Besides its interest for the transversity sector, one should note that such processes with a 3-body final state can give access to all GPDs, M 2 πρ playing the role of the γ * virtuality of usual TCS. On the theoretical side, it is also of particular importance to build a consistent framework for any modeling of the transversity quark and gluon GPDs. This can be achieved based on a double partial wave expansion (in the conformal and SO(3) partial waves) in the cross channel. Equivalently, this general formulation can be obtained by an explicit calculation of the cross channel spin-J resonance exchange contributions [20] .
Resummation effects
Consider the usual collinear factorization of the DVCS amplitude as a convolution of coefficient functions with GPDs (see Fig. 8 for the quark case). The DVCS coefficient function has threshold singularities in its s− and u-channels, in the limits x → ±ξ . Indeed, considering the invariants S and U for the coefficient function,
which means that one pass from a single-scale analysis w.r.t. Q 2 to a two scales problem, a typical situation which calls for threshold singularities to be resummed. It turns out that soft-collinear effects lead to large terms of type [α S log 2 (ξ ± x)] n /(x ± ξ ) which can be resummed in light-like gauge as ladder-like diagrams [21] .
Limitations within the collinear factorization framework
The collinear factorization is known to be applicable for a limited number of cases. Consider for example the case of ρ−electroproduction. Since QED and QCD vertices are chiral even (in the massless limit), the total helicity of apair produced by a γ * should vanish, and the γ * helicity equals theorbital momentum Lz . In the pure collinear limit (i.e. at twist 2), Lz = 0, and thus the γ * is longitudinally polarized. At t = 0 there is no source of orbital momentum from the proton coupling so that the meson and photon helicities are identical. This statement is not modified in the collinear factorization approach at t = 0. Indeed in collinear factorization the hard part should be treated as t−independent, since any t dependency is power suppressed, i.e. should be considered as higher twist. This s−channel helicity conservation (SCHC) implies that the only allowed transitions are γ * L → ρ L , for which QCD factorization holds at twist 2 at any order in perturbation [9] , and γ * T → ρ T , for which QCD factorization faces problems due to end-point singularities at twist 3 when integrating over quark longitudinal momenta [22] . The improved collinear approximation may be a solution: in this approach, one keeps a transverse ℓ ⊥ dependency in the q,q momenta, to regulate end-point singularities. Now, soft and collinear gluon exchange between the valence quark are responsible for large double-logarithmic effects which are conjectured to exponentiate in a Sudakov factor [23] , regularizing end-point singularities. This tail can be combined with an ad-hoc non-perturbative gaussian ansatz for the DAs, providing practical tools for meson electroproduction phenomenology [24] .
QCD at large s
Theoretical motivations
The understanding of strong interaction in the Regge limit is a very fundamental question, which can be addressed based on perturbative methods. The perturbative Regge limit of QCD is reached in the diffusion of two hadrons h 1 and h 2 whenever √ s h 1 h 2 ≫ other scales (masses, transfered momenta, ...), while other scales are assumed to be comparable (virtualities, etc...) and at least one of them is large enough to justify the applicability of perturbative QCD (photon virtuality, heavy final state, large t-channel exchanged momentum, large transverse momenta of the produced states, etc.). By inspection, one can show that loop corrections at large s involve powers of ln s, which might compensate the smallness of α s which powers appear in these loops. This thus calls for a resummed approach. As a major step forward, the dominant sub-series ∑ n (α s ln s) n was computed in the middle of '70s, leading to σ [25] , the so-called BFKL Pomeron which violates QCD S matrix unitarity. One of the main issue of QCD is to improve this result, and to test this dynamics experimentally. The underlying high-energy QCD dynamics has been studied extensively in inclusive and semi-inclusive processes [26] . Based on existing (LHC) and forecoming facilities (LHeC, ILC) which combine both a large center-of-mass energy and a large luminosity, this can be studied in the even more challenging context of exclusive processes.
k T -factorization
The main tool in this regime is the k T -factorization. Let us explain the main steps of this highenergy factorization, illustrated in Fig. 9 for γ * γ * → ρ ρ. First, introducing two light-like vectors p 1 and p 2 such that 2p 1 · p 2 = s is a parametrically large scale, of the same order of magnitude as the squared center-of-mass energy (in our example, one may chose p 1 and p 2 as the momenta of the two outgoing mesons), it is convenient to use the Sudakov decomposition of any 4-momentum as
⇒ set β = 0 and dα
In the large s limit, keeping only the maximal powers of s, the numerator of any t−channel gluon can be written as a polarization sum over the so-called non-sense one, i.e. ε up NS = 2 s p 2 , ε down NS = 2 s p 1 , since the momenta of the upper (lower) part of the diagram can be approximately considered as flying along p 1 (resp. p 2 ), up to s suppressed powers. At high energy, the part of the phase space in the loop integral over k which gives rise to a ln s corresponds to the approximation where the α (β ) component of t-channel gluons entering the upper (resp. lower) part of the diagram can be neglected. This simplifies considerably the k integration, from which one obtains the impact representation for exclusive processes amplitude 2 1) where
) impact factor. One should note that for the upper (lower) part of the diagram, β (resp. α) is proportional to the s−Mandelstam variable in the γ * g channel. Since the impact factors are defined as integral over β (resp. α) of S−matrix elements, they can be equivalently considered as the s−channel discontinuity of these S−matrix elements after closing the β (resp. α) integral over the right-hand cut.
Meson production
From factorization point of view, the "easy" case is J/Ψ production, which mass provides the required hard scale [27] . Exclusive vector meson photoproduction at large t (providing the hard scale) is another example (which however faces problem with end-point singularities) for which HERA data seems to favor a BFKL picture [28] . Exclusive electroproduction of vector meson can also be described [24] based on the improved collinear factorization (see sec. 2.5) for the coupling with the meson DA and collinear factorization for the GPD coupling.
The process γ ( * ) γ ( * ) → ρ ρ is an example of a realistic exclusive test of the Pomeron, as a subprocess of e − e + → e − e + ρ 0 L ρ 0 L with double lepton tagging. This could be measured at ILC which Figure 10 : Dipole representation for γ * p → ρ p high energy scattering.
should provide the required very large energy ( √ s ∼ 500 GeV) and luminosity (≃ 125 fb −1 /year), with the planned detectors designed to cover the very forward region, close from the beampipe [29] . Diffractive vector meson electroproduction have recently been described beyond leading twist, combining collinear factorization and k T −factorization. Based on the γ * L,T → ρ L,T impact factor including two-and three-partons contributions, one can describe HERA data on the ratio of the dominant helicity amplitudes [30] . The dipole representation of high energy scattering [31] (Fig. 10) , equivalent to the BFKL approach [32] , is very convenient to implement saturation effects, through a universal proton-dipole scattering amplitudeσ (x ⊥ ) [33] . Data for ρ production call for models encoding saturation [34] . This dipole representation is consistent with the twist 2 collinear factorization, and it has been recently proven that it remains valid beyond leading twist. This leads to a very good description of HERA data, except at low Q 2 where higher twist corrections seem to be rather important [35] . An impact parameter analysis in this spirit would be very interesting, since it provides a probe of the proton shape, in particular through local geometrical scaling [36] .
Looking for the Odderon through exclusive processes
The Odderon hunting, the elusive C−odd partner of the Pomeron, has not been successful yet in any hard process, despite its predicted existence. Contrarily to the case of the Pomeron, which has an intercept α P (0) − 1 positive, the Odderon is expected to have a vanishing intercept [37] .
Several strategies have been pursued in order to reveal it. First, one may consider exclusive processes where the M P amplitude vanishes due to C-parity conservation [38] , the signal being quadratic in the M O contribution. Second, one may consider observables sensitive to the interference between M P and M O , like asymmetries, thus providing observables linear in M O [39] .
Conclusion
Since a decade, there have been much progress in the understanding of hard exclusive processes. There is now a consistent framework starting from first principles, in order to deal with medium energy exclusive processes, starting from DVCS. This allows to describe a huge number of processes. At high energy, the impact representation is a powerful tool for describing exclusive processes in diffractive experiments; they are and will be essential for studying QCD in the hard Regge limit (Pomeron, Odderon, saturation...). Still, some problems remain: from the theory side, proofs of factorization have been obtained only for a very few processes (ex.:
For some other processes, it is highly plausible, but not fully demonstrated, like those involving GDAs and TDAs. Furthermore, some processes explicitly show sign of breaking of factorization (ex.: γ * T p → ρ T p at leading order), and a precise factorization scheme starting from first principles is still missing in these situations. The effect of QCD evolution, the NLO corrections and the choice of renormalization/factorization scale [40] , as well as power corrections (including a complete classification, which has been recently explored for scalar target [41] ) will be very relevant to interpret and describe the forecoming data, in particular in future facilities like EIC [42] or LHeC [43] . A first principles description of the whole set of non-perturbative correlators occuring in exclusive processes is out of reach, since it would require to solve the confinement problem. A promising approach has been explored, based on the AdS/QCD correspondence. This may provide insight for modeling the involved non-perturbative correlators [44] . However, the minimal version of the AdS/QCD correspondence does not seem to give results compatible with phenomenological constraints.
